Red light (R) has a dual effect on the seed germination of the two related species Arabidopsis thaliana and Sisymbrium officinale. The two species provide different means to separate the light-effects. In S. officinale, stimulation of germination by R depends on the simultaneous presence of nitrate (light-effect I). The effect of both factors is completely blocked by tetcyclacis, an inhibitor of gibberellin (GA)-biosynthesis. Addition of a mixture of gibberellins A4 and A7 (GA4+7) antagonizes the inhibition. In the absence of nitrate, R shifts germination to lower GA-requirement (light-effect II). In A. thaliana a similar second light-effect is seen on the GA-requirement of GA-deficient ga-i mutant seeds. R stimulates germination of wild type seeds in water (light-effect I). For both species, light-effect I shows a fluence threshold value of approximately 10-5 moles per square meter, which is independent of the nitrate concentration. Increasing nitrate concentrations narrow the fluence-range required for maximal germination whereby the product of nitrate concentration and fluence value determines the germination level, indicating a multiplicative interaction between R and nitrate. Fluence-response curves for light-effect H are similar for both species. Germination occurs in the range of 10-6 to 10-2 moles per square meter fluence. The maximal level of germination is determined by the level of dark-germination and light-effect II. Increasing GA4+7 concentrations induce a shift to lower fluence values. It is shown that in the second effect the co-action of R and exogenous GA4+7 is clearly additive. It is concluded that light-effect I induces a chain of events leading to GA biosynthesis. Light-effect II seems to enhance the sensitivity of the seeds to GAs.
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Seed germination of a large number of species is promoted by Pfr. However, most light-requiring seeds do germinate in the dark when exogenous GAs' are applied (25) . This by-pass of light requirement has led to the suggestion that Pfr plays an essential role in the biosynthesis of GAs. Indeed, it has been observed that in some light-requiring species exposure to R increases endogenous levels of GAs, as measured by bioassay (15, 24) . In several species light also enhances the stimulation of germination by exogenous GAs whereby the effects of light and GA are mostly additive. Therefore it was suggested that Pfr also increases the sensitivity of the seeds to GAs (3, 26) . Previous studies with seeds of Sisymbrium officinale (11) and Arabidopsis thaliana (12) , two closely related wild species, presented argu-' Abbreviations: GA, gibberellin; GA4+7, mixture of gibberellins A4 and A7; (V)LF, (very) low fluence; R, red light; LDP, log dose-probit. ments for a dual light-effect on GA-biosynthesis and the sensitivity to GAs. Both species provided different means to separate the light effects. Seed germination of S. officinale depends on the simultaneous availability of Pfr and nitrate. The effect of both factors can be completely blocked by tetcyclacis, an inhibitor of GA-biosynthesis (19) . Addition of GA4+7 antagonized the inhibition. Besides its effect on GA-biosynthesis in higher plants (20) where tetcyclacis may inhibit the oxidative reactions from ent-kaurene to ent-kaurenoic acid (10) , inhibition of sterol synthesis has been reported (18) . However, sterol synthesis is mainly connected with cell-division while it is widely accepted that during the first stages of germination cell-elongation is the principal growth process. Since nitrate could not stimulate dark germination in Sisymbrium it was concluded that Pfr was the essential factor for the initiation of GA-biosynthesis (light-effect I) (11) . In the absence of nitrate, light shifted germination to a lower GA-requirement than in darkness (light-effect II). Tet- cyclacis did not inhibit this second light-effect.
In A. thaliana dwarf mutants have been isolated that are absolutely dependent on GAs for germination (16) . The mutants (gene symbol ga-i) lack endogenous GAs. This was demonstrated by fractionation of acidic fractions of entire plants by HPLC and subsequent testing of all the fractions in the d-5 corn bioassay. No GA-like activity was found in the ga-i mutant while in the wild type several zones with GA-like activity were present (JAD Zeevaart, personal communication). The ga-i mutant has a strongly reduced ent-kaurene synthesizing capacity (2) . Feeding studies have demonstrated that the ga-i block is prior to entkaurene (JAD Zeevaart, personal communication). Irradiation with R shifts the requirement for GAs of ga-i seeds to a lower level (light-effect II) (12) . Wild type seeds only require GA in darkness, light induces germination in water (light-effect I).
It is the aim of the present study to further characterize the light effects in seeds of both species in the absence and presence of GA-biosynthesis. Fluence response experiments and subsequent analysis of the dose-response relations with the aid of models for different types of co-action (17, 23) will be used to answer the questions as to the nature of the light effects.
MATERIAL AND METHODS
Seeds. Ripe seeds of S. officinale were collected from wild plants growing in (6) . The population parameters and the log dose-probit line were calculated and subsequently the best fitting sigmoid curve through the data points was produced. The automated calculation procedure included variance calculations with standard formulae.
RESULTS
Germination under Non-GA-Producing Conditions. Following a dormancy breaking preincubation both ga-i seeds of Arabidopsis and Sisymbrium seeds deprived of nitrate failed to germinate in water, neither in darkness nor after a saturating dose of R (Fig. 1, A and B ). There was an absolute dependency on the presence of exogenous GA4,7. In the dark the reaction to a range of GA4,7 concentrations was similar. A saturating dose of R induced the seeds to germinate at lower GA4,7 levels: In the ga-i mutant of Arabidopsis to about one-third (Fig. 1A) and in Sisymbrium to one-tenth of the GA4,7 concentration required in the dark (Fig. 1B) . In the suboptimal segment of the doseresponse curves this shift was parallel in both species. This indicates an additive effect of R to the GA4 + 7 response.
Germination under GA-Producing Conditions. It was shown before that wild-type Arabidopsis seeds germinated readily in water after saturating R, whereas the response of Sisymbrium seeds to R was dependent on nitrate (11, 12) . The reaction of Sisymbrium seeds to a range of KNO3 concentrations is shown in Figure 1C . It (Fig. 3) .
Sisymbrium. In water, germination of Sisymbrium seeds was only slightly stimulated by R (Fig. 2) . At the nitrate concentrations used germination was stimulated by R at fluences higher than 10-5 mol m-2 (Fig. 2) . This threshold value was the same for all concentrations and below this value no germination occurred. The slope of the LDP line increased significantly with the nitrate concentration ( Table I) . Addition of tetcyclacis to 5 mm nitrate shifted the fluence-response curve to higher fluence values and reduced maximal germination levels (Fig. 2) germination response (Fig. 4A) , indicating a multiplicative interaction between Pfr and nitrate. The data from the 32 mm nitrate fluence-response curve were not included since this concentration was highly saturating.
Arabidopsis. what increased by the addition of nitrate (Fig. 3) . The LDP line for the nitrate stimulated germination was much steeper than the line for the germination in water (Table I) . Addition of tetcyclacis caused a shift to higher fluence values (Fig. 3) , which was parallel (Table I) . Moreover, the dark germination was lowered to zero and maximal germination was reduced.
The results described here show remarkable similarities between the two species with respect to response range, threshold values of fluences, slopes of LDP lines, and effects of tetcyclacis.
Fluence-Response Curves under Non-GA-Producing Conditions. Fluence-response curves for the GA,,7-stimulated germination of Sisymbrium seeds (Fig. 5) shared all the characteristics of the curves of the ga-i mutant of Arabidopsis (Fig. 6) . In both species the R-sensitive subpopulations germinated in the fluence range of 10-7 to 10-2 mol m-2 and showed a shift to higher fluence values at nonsaturating GA +7-concentrations. This shift was parallel as can be deduced from the slopes of the LDP lines (Table I) . In both species a GA4+ 7-dependent germination response was shown in the VLF range (<10 4 moi-m 2). This response remained at a constant level until fluence values were reached in the LF range (10 --6 to 10 --2 molm-2). In both species the germination response range (Table I, 'dark' germination. In contrast with the fluence-response curves of the nitrate stimulated germination of Sisymbrium seeds (Fig.  4A ) the correlation lines of the product of fluence and GA4+7 concentration and the germination response did not coincide (Fig. 4, B and C) , suggesting an additive type of co-action of Pfr and GA4+,.
DISCUSSION
From the present results it can be argued that the effect of light on seed germination is indeed regulated by two different light-reactions. The use of two related species with their specific requirements for germination reinforces the arguments since the results were remarkably similar. Light-effect I was expressed under conditions where GAs could be synthesized and germination did not depend on application of GA4 + . These conditions were met in nitrate-incubated Sisymbrium seeds and in wild type Arabidopsis seeds. Light-effect II was demonstrated under conditions at which GA-synthesis was blocked and germination was absolutely dependent on exogenous GA4+7. These conditions were realized by depriving Sisymbrium seeds of nitrate and by using the ga-i mutant of Arabidopsis. Both light-effects and their interrelationship will be discussed in detail.
Light-Effect I. The promotive action of nitrate on seed germination has been the subject of a number of studies (22, 28) . Besides several hypotheses on its possible role in dormancy mechanisms (1, 22) there have been speculations on the action of nitrate on the Pfr-stimulated germination (5). However, there is no agreement as to its general mechanism of action. The present results strengthen our previous hypothesis that nitrate-and Pfr-action are closely connected (11 (Fig. 3) was also reduced by tetcyclacis, indicating that a small fraction of these seeds is capable of synthesizing GAs with very low levels of Pfr. Light-Effect II. Gibberellins have been found to substitute for light in the seed germination of several species (25) . However, it is difficult to determine whether this substitution is complete. Very low levels of (preexisting) Pfr may still play a role. Seeds of Sisymbrium and the ga-i mutant of Arabidopsis showed dark germination which depended on the concentration of exogenous GA4+7 (Fig. 1, A and B) . The level of dark germination had no effect on the slopes of the LDP lines (compare data on R-and B in response to GA4+7 in Table I ). Dramatic changing of the slopes of fluence response curves caused by preexisting Pfr has been reported for wild type Arabidopsis seeds (4) . Since the germination level in the VLF range remained fairly constant with varying fluence in our case (Figs. 5, 6 ) we conclude that the dark response to exogenous GA4+7 is not limited by Pfr. In both species, limiting GA4+7 concentrations shifted m to higher fluence values (Table I ). These results indicate that the expression of light-effect II depends on the GA4+7 concentration. An interaction between GA4+7 and Pfr does not occur. This can be concluded from the plot of the logarithmic sum of GA4+7 concentration and fluence against germination response (Fig. 4, B and C) which results in parallel lines for different GA4+7 concentrations. This is a good argument for an independent co-action of the two factors (23).
Light-Effects I and II. The present results make clear that the two light-effects are of a different nature with respect to their respective interactions with nitrate and GAs. Previous observations on S. officinale have shown that both light-effects differ in more respects (11) . Upon incubation at temperatures that favor secondary dormancy light-effect I gradually disappeared while seeds remained responsive to light-effect II. Moreover, the escape time for far red reversion of light-effect I was approximately 8 h and of light-effect II approximately 1 h (HWM Hilhorst, unpublished results). Thus it can be argued that light-effect I is the limiting factor for the light-stimulated germination. If it is assumed that the germination response is proportional to the number of active GA-receptor complexes and that the formation of such complexes primarily depends on the availability of GAs and active receptor sites, we may hypothesize that light-effect I acts through the production of GAs and light-effect II through the production of active receptor sites. It should be noted that the concept of sensitivity not only comprises the formation of active GA-receptor complexes but also includes phenomena like affinity, response capacity, and uptake efficiency (9) . The physiological relevance of light-effect I may be its role in linking the reception of favorable light conditions with germination through GA-biosynthesis. The expression of this light-effect may be regulated by other environmental factors such as nitrate, probably depending on the specific environmental requirements of the plant that grows from the seed. The physiological importance of light-effect II is less clear. It may occur before light-effect I but will not come to expression in the absence of the first light-effect. As both light-effects are initiated in the same fluence-range it may be questioned why the receptor activation is under Pfr control. As yet we have not been able to find natural conditions under which this process is limiting for germination. The present study makes clear that seed germination of S. officinale and A. thaliana is under control of both the level of endogenous GAs and the sensitivity to GAs. Both controls are regulated by Pfr. We believe that our results may add arguments to the recent discussion on the hormonal regulation of growth and development (27) . Instead of a choice between control by changing horPlant Physiol. Vol. 86, 1988 mone levels and changing sensitivity to hormones a dual control by light of both mechanisms would be favored.
